The concrete formwork process is a critical component of construction project control because failing to gain the necessary concrete strength can lead to reworks and, consequently, project delays and cost overruns during the project's execution. The goal of this study is to develop a novel method of monitoring the maturity of concrete and providing reduced formwork removal time with the strength ensured in real-time. This method addresses the wireless sensors and building information modeling (BIM) needed to help project management personnel monitor the concrete's status and efficiently decide on the appropriate formwork removal timing. Previous studies have focused only on the monitoring of concrete's status using sensor data or planning the formwork layout by integrating the BIM environment into the design process. This study contributes to extending BIM's interoperability for monitoring concrete's maturity in real-time during construction, as well as determining the formwork removal time for project control. A case study was conducted at a building construction project to validate the developed framework. It was concluded that BIM can interoperate with the data collected from sensors embedded in concrete, and that this system can reduce formwork removal time while retaining sufficient strength in the concrete, rather than adhering to the removal time given in building code standards.
Introduction
Concrete is widely used in the construction industry. The material requires sufficient strength and durability to be used in building construction for different types of structural members, such as foundations, beams, walls, slabs, or columns. During the concrete's placement, it is important to monitor its status throughout the entire concrete formwork process, until the material cures. The formwork must remain in place to support a concrete structure during the construction. This process must consider factors such as the class of concrete, cement type or grade, humidity, temperature, and size/type of the structural components [1] [2] [3] . The formwork removal time is critical to the concrete gaining sufficient strength, as well as to the cost and time management of the entire construction project; this is because early removal leads to rework, which leads to project delays [4, 5] . The current state of practice has established a standard time to remove concrete formworks during a construction project [6] [7] [8] . Tailored time determination involves employing a concrete maturity method that estimates the mechanical properties of the concrete, based on the temperature during curing concrete [9, 10] . This approach involves monitoring the concrete's temperature and using the data acquired to estimate its strength and the time needed for the formwork [11] .
To monitor the temperature and strength of concrete, the current state of practice uses a mobile-based or wireless sensor-embedded monitoring system [9, 12, 13] . Such studies have focused only on the schematic design for monitoring and collecting sensor data. The concrete formwork is placed for all concrete structural elements such as columns, walls, and slabs. Therefore, sensor data regarding the concrete's maturity obtained from different elements can be stored and managed in the building information modeling (BIM) environment because BIM can store geometric and semantic information of the construction project. Previous systems have focused only on collecting data and monitoring the condition of the concrete, and not providing real-time information about the appropriate time to remove the formwork. To address this concern, the present research expanded BIM's interoperability to monitor concrete's maturity and determine the formwork removal time by using wireless sensor data.
BIM is capable of integrating all stages of construction into a single digital model, achieving high-quality construction, accurate performance and cost estimates, and continuous monitoring and control, as well as maintaining an up-to-date information source that facilitates project stakeholders achieving a clear overview of the project for use in informed decision-making [14, 15] . This study incorporates BIM and a sensor-based concrete maturity method to monitor and manage data related to various concrete-based structural components (e.g., slabs, walls, columns) and their strengths. This research used a module and wireless sensors embedded in fresh concrete, measured the concrete's temperature, and then automatically calculated its maturity so that its strength would be predictable. To expand BIM's interoperability, a BIM application programming interface (API) was applied that can transfer data related to the concrete's maturity to the BIM environment from sensors in real-time. All information about the temperature and maturity of the concrete can be monitored through planted sensors to the BIM environment, and stored in an industry foundation class (IFC) format. To test the interoperability, this research conducted a field case study in a building construction project in Iran. The results showed that BIM was able to interoperate with the data collected from the sensors, receive data related to the concrete's maturity, and calculate the appropriate concrete formwork removal time. The time to remove the formwork was less than what would have resulted from using the standardized regulation alone, and still clearly ensured the necessary level of strength. Thus, this interoperable BIM system contributes to monitoring the concrete curing conditions, receiving maturity data from the sensors, reducing concrete formwork removal times, and positively preventing wasted time and cost from reworks resulting from concrete failing to gain the necessary strength.
Literature Review

Concrete Maturity Method
The concrete maturity approach generally assumes that concrete's strength and durability depend on its temperature and moisture [16, 17] . These parameters significantly affect how concrete's properties (such as strength, elastic modulus, deformation, and shrinkage) develop during the early stages of a formwork [18] . Since concrete maturity is calculated based on the temperature of the concrete between its place and form, the in situ concrete's strength and time of removal can be estimated in real-time if it is possible to collect temperature data at the construction site [11, 19, 20] . Among the various properties of concrete, strength is particularly critical to measuring and evaluating its quality and performance [21] . To measure the performance, a sample is tested to see if the concrete can bear the maximum load it should be able to resist. However, this direct measurement method consumes both time and money because it requires a number of samples and the test must be repeated until an allowable strength is acquired [22] . The process may also ignore the time and temperature of mature concrete. Moreover, results based on this type of manual test can be affected by external or environmental factors such as human mistakes, errors in sample specifications, and problems with loading configurations and settings [23] . To overcome this challenge, a maturity index for calculating in situ concrete's strength during construction can be used to test field-cured concrete cylinders. It is also important to predict and document the concrete's strength from the early work stages, in order to reduce the time for removing the concrete formwork [24, 25] .
Wireless Concrete Monitoring Systems and Formwork Removal
Over the years, studies have tried to implement indirect methods of evaluating the strength performance of concrete, developing sensor-based systems to monitor environmental conditions and identifying the parameters affecting concrete's performance [23, [26] [27] [28] [29] [30] . For example, temperature data can be collected while the concrete is forming by using temperature sensors and radio frequency identification (RFID) tags or resistance rigidity thermometers [31] . Kumbhar and Chaudhari [32] proposed a wireless sensor for measuring temperatures in early-age concrete structures in order to determine the concrete's strength. That study found that this sensor-based method could be used to predict concrete's maturity. Cabezas et al. also presented a new embedded sensor system for monitoring the status of concrete [33] . Such sensor-based maturity methods are very effective at estimating the properties of concrete, based on data collected via temperature monitoring [33, 34] . Dong et al. [35] conducted a case study measuring the temperature of concrete on a highway construction project by using a sensor network system. The temperature data obtained allowed researchers to continuously estimate the concrete's strength and maturity throughout the project's lifecycle, showing that the sensor-based maturity method could also be used to estimate the appropriate time to detach the concrete mold, based on the temperature [35] . Such interdisciplinary research has shown new techniques based on wireless sensor systems that allow for the continuous measurement and real-time monitoring of both the temperature and humidity level of concrete [24, 36] . As a result, these sensor systems have underscored the potential to compute more accurate and consistent outputs based on concrete's various properties. However, it should be noted that sensor-based systems embedded in concrete are still not reliable in terms of the concrete's stability, lifespan, signal transmission requirements, and protection against various types of damage [37] .
Several standards are widely used to concrete formworks suggest removal at different structural ranges [6] [7] [8] . Vertical structural elements require a shorter amount of time to form than do horizontal components with large spans (greater than six meters) that require at least 14 to 28 days. The standards dictate that large structures (greater than six meters) must acquire about 85% of the recommended strength level before formwork removal [3] . Several studies have reported that for vertical elements the formwork can be detached earlier, before what is recommended in the standard [20, 38, 39] . However, the manual maturity method does not provide sufficient information about the ideal time to remove the formwork. In addition, it requires workers to follow the standard even if they could remove the formwork earlier without any damage. This can cause significant delays in a panel's removal because there is still the possibility of serious damage during the early formwork stages [20] .
Concrete Formwork Applications in BIM
In the construction industry, BIM has recently been used to facilitate the integration of the design and construction processes, saving both cost and time [14, 40] . BIM can store and manage geometric and semantic information for design components and integrate all descriptions of visualized objects and related data during a construction project. Many BIM applications have focused on pre-construction planning activities [41] . A few studies have tried to develop BIM applications for decision support systems facilitating construction project control and operation [42, 43] . Particularly for concrete formwork, Romanovskyi et al. [44] recently proposed a BIM-based decision support system for concrete formwork design that managed all information needed and collected during the concrete formwork construction process. BIM has been implemented to help the design and planning process, as well as simulate the designed formwork. Meadati et al. [45] provided a conceptual overview of a knowledge repository for concrete formworks via BIM. The initial concept was to connect 3D models and associated information, saving on parameters related to cost and concrete formwork materials such as unit price, specifications, and quantity [45] . Kannan and Santhi [46] developed a BIM-based automated concrete formwork layout and simulation system that could predict construction schedules based on a BIM formwork simulation. Another study in this domain developed a BIM-based concrete formwork management system for improving the efficiency of formwork use, such as by optimizing reuse and maximizing return-on-investment [47] . The current state of knowledge has contributed significantly to developing BIM-based management systems, especially in terms of concrete formwork design and planning during the pre-construction step [44, 46, 47] . However, the end-users of such systems employ static data instead of real-time information collected by sensors or other information technologies during the construction process [48] . Real-time data collected in BIM can support project stakeholders' decision-making by controlling and interpreting data pattern changes and trends [44, [47] [48] [49] . Current research has focused on using BIM for concrete formwork planning and design rather than monitoring and calculating the maturity of concrete during the formwork process [44, [47] [48] [49] [50] .
Therefore, the present study expanded the interoperability of BIM for real-time monitoring of the maturity of concrete by using sensor data and calculations conducted through the API interface, in addition to conveying the possible formwork opening time that does not risk damage to the concrete's structural elements. The interoperability of exchanging BIM models and sensor data can also extract all computed outcomes to an IFC data format in the BIM environment.
Research Methodology
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Sensor Module Design and Application Development
This study used three different sensors to collect humidity and temperature data from the tested concrete. The first sensor was an SHT21, which can collect both temperature and humidity information and produce digital output according to an I2C communication protocol. This sensor has a 14-bit resolution for temperature and 12-bit resolution for humidity. Its operating range is −40 °C to 125 °C for temperature and 0% to 100% for humidity. The Ds18b20 sensor can measure temperatures between −55 °C and 125 °C. It operates based on a one-wire communication protocol connected to a board via three wires (i.e., VCC, GND, and Date). This sensor has a nominal error of ±0.5 °C in the temperature range of −10 °C to 85 °C and an error rate of up to ±2 °C in the rest of its 
This study used three different sensors to collect humidity and temperature data from the tested concrete. The first sensor was an SHT21, which can collect both temperature and humidity information and produce digital output according to an I2C communication protocol. This sensor has a 14-bit resolution for temperature and 12-bit resolution for humidity. Its operating range is −40 • C to 125 • C for temperature and 0% to 100% for humidity. The Ds18b20 sensor can measure temperatures between −55 • C and 125 • C. It operates based on a one-wire communication protocol connected to a board via three wires (i.e., VCC, GND, and Date). This sensor has a nominal error of ±0.5 • C in the temperature range of −10 • C to 85 • C and an error rate of up to ±2 • C in the rest of its operating range [51] . The third sensor was an LM35, which can produce the analog output. The voltage output increases linearly by 10mV with each 10 • C increase in temperature. It has an error of ±0.5 • C at 25 • C. After connecting the LM35 to a micro-analog/digital converter, the voltage outputs can be turned into temperature data with 12-bit resolution [29] . The combination of these three sensors made the proposed system capable of monitoring temperatures ranging between 0 • C and 80 • C while the concrete cured. High-performance sensors capable of indicating high or low temperatures between −100 • C and 300 • C were not required for this research. The sensors used in this study have a relatively high rate of precision with regards to temperature (±0.5 • C); the level of accuracy required is at least ±1 • C to determine the concrete's maturity. Also, these sensors resist changes to the properties of the concrete that occur during hardening; previous studies have also used these sensors for similar purposes.
The hardware module consisted of data acquisition, data storage, and wireless transmission circuits. The module stored the retrieved information on an SD card mounted on the board. The data were processed by software designed with a .NET framework, using Android for visualization of the server or mobile device. This small module was equipped with a self-designed ad-hoc board appropriate for concrete formwork on construction sites. The module program was developed using Cube software (see Figure 2a ). The microcontroller employed on the board was a STM32F130RET6, which is a 32-bit microcontroller from the Cortex M3 family. The microcontroller had an operating frequency of 72MHz and enjoyed very high processing speed and precision. The IEEE 802.11 (Wi-Fi) topology and, specifically, an HLK-M35 module were used to establish a connection with the computer or smartphone. The module used the TCP/IP operating protocol and universal asynchronous receiver/transmitter communication protocol to link with the microcontroller. Figure 2 shows the HLK-M35 communication module setup (see Figure 2b ) and the configuration of the microcontroller connection (see Figure 2c ). The Wi-Fi module was connected to the microcontroller through the serial port, which was specified on the PA0 to PA3 bases. Two analog inputs were inserted into PA5 and PA6 to connect the sensors. A one-wire protocol was used on the PA9 base to connect the DS18b20 sensor. The SDIO protocol developed by STMicroelectronics was connected through the PC to PC12 bases for connection with the SD card. Pull-up 47K resistors were used to reduce noise.
Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 14 operating range [51] . The third sensor was an LM35, which can produce the analog output. The voltage output increases linearly by 10mV with each 10 °C increase in temperature. It has an error of ±0.5 °C at 25 °C. After connecting the LM35 to a micro-analog/digital converter, the voltage outputs can be turned into temperature data with 12-bit resolution [29] . The combination of these three sensors made the proposed system capable of monitoring temperatures ranging between 0 °C and 80 °C while the concrete cured. High-performance sensors capable of indicating high or low temperatures between −100 °C and 300 °C were not required for this research. The sensors used in this study have a relatively high rate of precision with regards to temperature (±0.5 °C); the level of accuracy required is at least ±1 °C to determine the concrete's maturity. Also, these sensors resist changes to the properties of the concrete that occur during hardening; previous studies have also used these sensors for similar purposes. The hardware module consisted of data acquisition, data storage, and wireless transmission circuits. The module stored the retrieved information on an SD card mounted on the board. The data were processed by software designed with a .NET framework, using Android for visualization of the server or mobile device. This small module was equipped with a self-designed ad-hoc board appropriate for concrete formwork on construction sites. The module program was developed using Cube software (see Figure 2a ). The microcontroller employed on the board was a STM32F130RET6, which is a 32-bit microcontroller from the Cortex M3 family. The microcontroller had an operating frequency of 72MHz and enjoyed very high processing speed and precision. The IEEE 802.11 (Wi-Fi) topology and, specifically, an HLK-M35 module were used to establish a connection with the computer or smartphone. The module used the TCP/IP operating protocol and universal asynchronous receiver/transmitter communication protocol to link with the microcontroller. Figure  2 shows the HLK-M35 communication module setup (see Figure 2b ) and the configuration of the microcontroller connection (see Figure 2c ). The Wi-Fi module was connected to the microcontroller through the serial port, which was specified on the PA0 to PA3 bases. Two analog inputs were inserted into PA5 and PA6 to connect the sensors. A one-wire protocol was used on the PA9 base to connect the DS18b20 sensor. The SDIO protocol developed by STMicroelectronics was connected through the PC to PC12 bases for connection with the SD card. Pull-up 47K resistors were used to reduce noise. The data logger system was designed in Visual Studio with C#, and the DevExpress software suite was used alongside to improve the user interface (UI) design. The developed program could not be directly executed on the operating system and needed the .NET framework to function. This framework is preinstalled on all newer versions of Windows. Communication with the board was designed using .NET Framework sockets, which is a package for network-managed communications. Software performance was improved for multithread processing, which while making the coding more difficult, leading to easier event management and execution. In the next stage, a mobile application was developed to monitor the output temperature via a smartphone. The UIs of data logger and mobile application are shown in Figure 3a ,b, respectively. The application was designed in Android Studio based on the Navigation Drawer platform. The design was accomplished with through Java, using the model-view-controller pattern and consisting entirely of object-oriented components. The model-view-controller is an architectural pattern commonly used in UI design; it partitions a program into three parts: the model, view, and controller. After connecting through Wi-Fi (by clicking on the Connect button), the program automatically connected to the electronic circuit and relayed the ReqData command to initiate information retrieval from the data logger. The information received from the data logger was then uploaded to the software dashboard. Fragment design was used to optimize RAM usage and increase program performance. Hence, the program contained three fragments managed by the program once the Main Activity was executed. Keeping every page in memory, this structure prevented unnecessary opening and closing and improved the software efficiency. The Dashboard component was built using the well-known MPAndroidChart library, which allows developers to create a variety of different charts. The Android app consisted of four main components. The first, Main Activity, was the main UI for the program and where views such as the bottom navigation bar and fragment holders were maintained. The second component, Connection Fragment, involved wireless communication and related codes. The third component was the Dashboard Fragment, which displayed the data charts. The fourth was the Log Fragment, which logged the program events for later review and analysis.
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This study developed a BIM API add-in to bring the temperature data from the developed module and calculate the concrete formwork removal time. Figure 4 shows the process to link the BIM environment and the sensors. The process consists of sending the concrete temperature data from the sensors to the BIM model over Wi-Fi. The sensors planted in fresh concrete can collect the temperature data and convey the data to the module system (see Figure 4a ,b). All data can be sent to the server via Wi-Fi (see Figure 4c ). Once the sensor module is connected to the BIM, two extra buttons appear in the Add-Ins pane in Revit (see Figure 4d ). The BIM can receive the sensor data from the module, and those data can then be analyzed to compute the concrete maturity on the 
This study developed a BIM API add-in to bring the temperature data from the developed module and calculate the concrete formwork removal time. Figure 4 shows the process to link the BIM environment and the sensors. The process consists of sending the concrete temperature data from the sensors to the BIM model over Wi-Fi. The sensors planted in fresh concrete can collect the temperature data and convey the data to the module system (see Figure 4a ,b). All data can be sent to the server via Wi-Fi (see Figure 4c ). Once the sensor module is connected to the BIM, two extra buttons appear in the Add-Ins pane in Revit (see Figure 4d ). The BIM can receive the sensor data from the module, and those data can then be analyzed to compute the concrete maturity on the associated sections in the 3D model. Since the sensor data are constantly transmitted to the BIM, this system monitors the concrete's strength in real-time. To create a link between the module and the BIM-based system (see Figure 4d) , an object was defined as the Socket during the coding process. Once the systems were connected, two queues were also defined to command the system: DataRXQueue for incoming and DataTXQueue for outgoing commands. The information was placed in DataTXQueue to automatically transmit the data.
To receive data, the information was simply read from the queue. The data were processed and listed as a record that could be accessed at any time. Since the commands received were added to the end of the buffer, short interruptions occurred and caused premature connection termination, as well as an #Enddata message to be displayed before the data were completely received. This meant that the system would start to send partial data before collecting the entire dataset. Therefore, a timer was set up to process the data during the designated time. The time interval was computed to be two seconds, so a multi-second delay was applied after reading each data line. Data processing began when no new data were received during this period. The system could calculate the concrete's maturity by using the data collected. This conveyed the maturity as determined by each sensor. The Revit add-in system was designed to log the data hourly in an IFC format through a computed command. Then, each value from each sensor could be computed: Based on the data received, it was possible to compute the concrete's maturity based on the temperature in the maturity index, according to ASTM C1074 [11] . The result was displayed on the associated structural members (e.g., slab, column, wall) of the 3D BIM model. Finally, the system could determine the time for formwork removal based on comparing the standard strength and computed values. The information regarding the status of the concrete could then be exported to an IFC format. Based on this, BIM's interoperability through IFC can be extended to communicate temperature data for concrete collected from embedded sensors to an objective 3D model in the BIM.
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System Validation and Case Study
To apply and validate the developed BIM-based concrete formwork control system, a case study was conducted on a beam with a span of seven meters in a building construction project (the Baran building) in Mashhad, Iran. A geometric 3D model of the Baran building was developed in BIM. The module was simultaneously connected to three sensors. During the construction project execution, the sensors were embedded in the concrete, and the temperature data was collected during the concrete placement. The average of the temperatures measured by these three sensors was used in the calculations. Figure 5 shows the core temperature of the concrete automatically measured by the SHT21, Lm35, and Ds18b20 sensors at 1-minute intervals. Considering the size of the dataset collected, the figure presented only covers 44 min.
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The compressive strength of concrete can be formulated based on the maturity concept, as defined by Carino [20, 52] . The equivalent age was computed using Equation (1):
(where, t e : equivalent age at the temperature; E a : activation energy; R: universal gas constant; T: average absolute temperature during interval time, ∆t)
The activation energy was considered to be constant for all cement types (in accordance with the recommendation in Carino and ASTM C1074). Many studies have argued that activation energy can depend on time and temperature [10, [52] [53] [54] [55] . However, it is customary to assume constant activation energy. The concrete's strength was estimated using parabolic Equation (2).
(where, S: strength; K: constant rate)
The cement used in the case study was ordinary Portland cement (OPC). As suggested by Carino and Tank [56] , the activation energy for OPC was assumed to be 41 kJ. It should be noted that some researchers have recommended slightly different values for this parameter [57, 58] . Table 1 shows the The compressive strength of concrete can be formulated based on the maturity concept, as defined by Carino [20, 52] . The equivalent age was computed using Equation (1):
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(where, S: strength; K: constant rate) The cement used in the case study was ordinary Portland cement (OPC). As suggested by Carino and Tank [56] , the activation energy for OPC was assumed to be 41 kJ. It should be noted that some researchers have recommended slightly different values for this parameter [57, 58] . Table 1 shows the performance coefficient and activation energy values used in this case study. By employing Equation (1), the equivalent time t e24 was calculated for a normal day of the month. The times t 50% , t 70% , and t 85% were required for the concrete to gain 50%, 70%, and 85% of its designed compressive strength, respectively, at the reference temperature (i.e., 20 • C); these were calculated using Equation (2) . The times t e50% , t e70% , and t e85% were required for the concrete to gain 50%, 70%, and 85% of its designed compressive strength, respectively, at the site temperature. The t e value obtained from Equation (1) depended on the cement type (i.e., activation energy) and daily temperature variations. In this case study, particularly for a beam with a span of seven meters were used to test the BIM interoperability developed. For the selected beam element (spanning over six meters), 14 days were indicated in the standard building code as the minimum time required before formwork removal (BS8110:1997) and 28 days are required as the maximum time to strike the formwork (PN-B-06251:1963) . The results of the t e calculations for the selected beam are presented in Table 2 . Temperature data have been collected through three sensors during two tests. It is assumed that the concrete should gain at least 85% of its design strength before the formwork can be removed [8] . As a result, the formwork removal time was computed as 9.6 days, ensuring 85% of the designed concrete strength at the second test. The developed BIM-based system predicted that the formwork could be removed 4.4 days earlier than the requirement in the BS 8110:1997 (31.4% time-saving), 11.4 days earlier than the standard of IS 456:2000 (54.3% time-saving), and 18.4 days earlier than the PN-B-06251:1963's formwork strike standard time (65.8% time-saving). In addition to the beam, the case study also conducted at the slab with a span of less than 4.5 m. The calculated time for removing the formwork was 6.9 days, which can reduce the time about 50.7% in maximum and minimum 1.4%. In the case of the slab more than 4.5 m, the computed time was indicated as 11.3 days. This reduced the time about 18.6% based on both IS456:2000 and BS8110:1997 standards. The results indicate that the proposed BIM interoperability in this study can aim in monitoring the concrete curing status based on the temperature data received from the sensors and computing the removal strike time based on the maturity method. Also, the BIM model could receive and compute the concrete maturity data through Wi-Fi and the information was exported into the IFC format. Figure 6 shows the schematic of the BIM's interoperability to compute the concrete maturity data from the three sensors. 
Discussion
This study proposed a method for expanding the interoperability of BIM with wireless sensors in order to monitor the concrete maturity and control the concrete formwork process. While previous efforts to create BIM-assisted systems focused on concrete formwork design and the planning process, the system developed in this research targeted a concrete formwork control that potentially affects construction management and project controls. Particularly, the extended capability of BIM allows for the calculation of formwork removal time based on the maturity and strength data collected from planted sensors. In the case study, the overall approach, including wireless sensors, concrete maturity, and formwork removal control, was tested at a real construction project. As a result, this study identified the amount of time reduction in the removal of concrete formwork, as compared to the time given in the standard. Based on the case study, this study has four noteworthy implications.
First, sensor data can be transmitted to the BIM environment via a Wi-Fi signal with a TCP-IP protocol and API add-in interface. Data related to the concrete's maturity can then be connected to the associated 3D objective model in the BIM environment. Therefore, this system is capable of monitoring the status of concrete and providing maturity data for users of the BIM environment. Therefore, the sensor module and BIM add-in developed in this study contribute to extending BIM's interoperability in terms of real-time concrete monitoring and formwork process control.
Second, this interoperable BIM-based system can calculate the removal times of concrete formworks according to different parts of a structure (i.e., slab, beam, or column). This system will help practitioners to continuously monitor and control the concrete placement process and deliver an earlier time to remove the formwork. The current standards manually regulates the recommended time for removing the formwork to maintain the concrete's performance. However, the results of the case study imply that the time for removing the formwork was reduced beyond what was recommended in the current standards. Removing the formwork earlier while still ensuring strength will help to avoid project delays and unnecessary formwork rental expenses. This will lead to reducing the time needed for the concrete formwork process and, consequently, project completion.
Third, it can be noticed that the use of BIM can be expanded from the concrete formwork design and layout to the concrete placement control. The previous studies contributed to documenting the design process of the concrete formwork by using BIM. This research described a proof-of-concept to exchange real-time sensor data in the BIM environment. By integrating two concepts in the BIM environment, it can provide more efficiency to design and control the concrete formwork.
Lastly, the developed BIM interoperability will help to prevent concrete rework from failing to gain the necessary strength. Based on the case study, the system demonstrated less than a 13% difference in concrete strength between the manual and newly developed system-based methods. Also, this implies that using the average temperature data collected from three sensors to calculate 
Lastly, the developed BIM interoperability will help to prevent concrete rework from failing to gain the necessary strength. Based on the case study, the system demonstrated less than a 13% difference in concrete strength between the manual and newly developed system-based methods. Also, this implies that using the average temperature data collected from three sensors to calculate the strength and formwork removal time is of low tolerance. Since concrete work can be as high as 40%~60% of the total project cost and concrete formation usually represents over 50% of the entire set of concrete-based tasks in a construction project [59] , minimizing the reworking of concrete jobs is very significant for preventing total cost overruns. Consequently, this system will save time and cost on construction projects.
In this sense, this new BIM interoperability is beneficial for project control and management of construction. However, this study did not consider: (1) that environmental factors may affect concrete formation; (2) that the number of planted sensors may affect the performance of fresh concrete;
(3) natural sensor errors, and (4) total cost and time impacts. Based on the limitation and implications documented in this research, it is recommended that this system potentially be integrated with the BIM-integrated concrete formwork layout and planning system proposed in previous studies. In addition, the sensor-embedded BIM interoperability could be also extended to the operation and maintenance steps of the constructed facilities. The sensors will continuously collect the data in terms of the concrete temperature and strength during the life cycle of the project. This will provide a more visible platform for implementation into the construction industry. Also, a deep investigation of the potential cost and time savings resulting from early formwork removal is needed. This would allow for an investigation of how this extended BIM interoperability impacts the total cost and time of a construction project.
Conclusions
Removing concrete formwork after a sufficient level of strength has been reached is critical to the quality of the concrete and the consequent safety and health of the structural components. The current study has documented various sensor-based concrete monitoring systems for use during the formwork process. Studies integrating BIM into the concrete formwork process have to date focused on design and planning rather than controlling the project and formwork use. Therefore, this study extended the interoperability of BIM for monitoring the status of curing concrete and computing its maturity and the timing of the formwork during the concrete placement. A sensor module was designed to receive data from three sensors collecting concrete temperature data. The data were conveyed to the associated parts of an objective 3D model via Wi-Fi. A database was then created via the BIM API add-in and based on the concrete's maturity as computed and the formwork removal time, thus assisting the user's decision-making with regards to the concrete work. A 3D model of an active construction project in Iran was established to validate the system. During the case study, sensors were planted in various structural components, columns, beams, floors, and slabs. The data collected by the sensors and module were then transmitted to the designed software. The BIM-based system presented here was capable of receiving and documenting data in real-time. The data computed in BIM were automatically stored in an IFC format. These data were capable of describing the strength of the concrete, building codes, and associated criteria, as well as opportunities to remove the formwork. The results of the case study showed that the concrete formwork could be removed approximately 40% earlier than the documented standard time without resulting in any structural damage.
In summary, this study proposed a new form of BIM interoperability for concrete formwork control and monitoring. This work ignored natural errors from the sensors, as well as other external factors affecting the concrete formwork. However, it should be underscored that this research provides extended interoperability for managing project activities, particularly concrete formwork, and the developed system can reduce the time spent before removing concrete formworks while still ensuring the concrete's strength. In the future, this BIM-based system could be incorporated with BIM-based concrete formwork design and planning processes described in previous studies to improve the efficiency and productivity of concrete formwork use, as well as reduce redundancy. Other future efforts should investigate the economics of this new system's use, as well as other issues affecting management feasibility. Such efforts will lead to an overall reduction in the time and money consumed by construction projects. 
